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1 The Principles of Relativity

(1) Galileo — Poincare: No experiment, without reference to the outside world, can
determine its absolute velocity.
(2) Maxwell Electromagnetism or the constancy of the speed of light.
or the geometrical approach
(1) Space-time is 3 + 1 dimensions
(2) Metric is ds? = 2dt? — dI* = Adt? — da? — dy? — d2?
Results in:
(a) Time dilations by factor v = 1/y/1 — /32
(b) Length contraction by factor v = 1//1 — 32
(c) Clock synchronization effect: —vAxz/c?, The clock that is farther behind in
space is further ahead in time.

1.1 The Lorentz Transformation
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1.3 Aberration of Light

sint’
tanf = 4
an v (cost +v/c) (4)

where S’ is the frame of the emitter and S is the frame of the receiver.

1.4 Velocity Addition; Acceleration Transform
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1.5 Four Vectors

T = (ct,), position

o = di/dr u® =dz%/dr, velocity

a = dufdr =d*z/dr* o = d*2®/dT?, acceleration

p = mou=(F/ep), momentum

Eo= p/h = (v, ];), wave number vector

i = pol = (pc,f) electric current

A = (¢,A,, A, AL) Electromagnetic Potential (6)

1.6 Relativistic Kinematics & Invariants

2 = j - pe* = ppac? = (moc?)

Conservation of four momentum.

Zﬁln = Z}sout
For two particles

P14+ p2 = constant

P1 - P2 is an invariant (same in all reference frames) yielding the following relation for
the energy, Fo, of particle 2 in the rest frame of particle 1:
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Energy-Momentum Tensor: 7" = pu*u”  Fluid: T* = (p + p)uru” + pg"”
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2 Electromagnetism
Electromagnetic Field Transformation
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For the special case of a Lorentz boost in the x direction
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are ", F,,, and F'*  the electromagnetic field tensor in mixed, covariant, and
contravariant form respectively.

2.1 Maxwell’s Equations
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For electromagnetism the four-force density and Lorentz force equations are
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where j, = (p¢, ju, Jy, J=) and f, = (W/e, fu, fy, [2). W = E- 7 is the power density.
Note that a particle with charge ¢ moving with momentum p in a uniform
magnetic field will move in a circle with radius R given by R = p/qB where, if p is

in GeV and B is in Tesla, r = (10/3)(p/GeV)/[(q/e)(B/T)Im



2.2 Stress-Energy Tensor - 7"
1
TR = FHEY Z(WFWFQB (15)

—E2+B2 Esz - Esz EZBJJ - El’BZ ExBy - EyBJJ

2
1 | E,B. — E.B, Eertuttor(BeoByb) E,E,+ B.B, E.E. + B.B,
(B3B3 —F2)+(B3-B2—B?)

1225 — E EZBx . EngZ Ewa —I— Bl,By 5 EyEZ ‘I‘ ByBZ
E.B, — E,B. E.E. + B.B. E,E. + B,B, (B PB4 (B BiBy)
(16)
2.3 Accelerated Charge/Synchrotron Radiation
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3 Uniformly Accelerating Frame
n=14re, v =1/Vn* =52 & =g/ orp=1+gz/c.
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Transformation equations
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4 Differential Geometry

(1) Riemannian Geometry: Invariant Interval ds* = g, datdz”
(2) Parallel Displacement/ Christoffel Symbol

1
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(3) Geodesic Path
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Geodesic Deviation Equation: General and in free-fall
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(4) Covariant Derivative
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Dz© e Jxo

covariant derivative of A" =

to AT = AL+ 5 AT (28)
(5) Curvature: Riemann, Ricci, Scalar

RE, =,k = h 4.b k= b K Ricci: Ry=RY, Scalar: R=Ri (29)
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5 (General Relativity

5.1 Equivalence Principle

No experiment can distinguish between a uniformly accelerating reference frame and
a uniform gravitational field. Including a complete equivalence between gravitational
and inertial mass.

5.2 Weak Field Gravitation: g¢,, ~1,, + hu

(cdr)? = (1 + i—f) (edt)? — (1 — i—f) (dx2 + dy* + dzz) (30)

5.3 Einstein Equations
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5.4 Schwarzschild Solution
ds? = (L—r./r)ctdi* — (1 —r fr)""dr® — r? (d0* + sin®0de?)  (32)
where ry = 2GM /.

5.5 Gravitational Lenses

Impact parameter approximation along constant z’ path gives bending angles and
magnification
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Schwarzschild metric mass, bending angle, Finstein Ring radius angle,
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Isothermal or constant rotation velocity curve
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5.6 Weak Field Gravity Waves
total power radiated in quadrupole mode
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The fall of a test particle into Schwarzschild black hole of mass M gives
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5.6.1 Frame Dragging
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5.7 Black Holes
ds?* = (1 _ M

2

cr 2

c'r

-1
) Adi? — (1 _ M ) dr? 4 2467 + sin?0d¢?) (A7)
The Reissner-Nordstrom metric
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The Kerr-Newman geometry is
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where A = r? — 2GMr/c* + a* + Q% p* = r* + a*cos*d, and a = S/M

angular momentum per unit mass



Black Hole Thermodynamics and Hawking Radiation
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The lifetime of a black hole will then be
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5.8 Cosmology

The spacetime interval for a homogeneous, isotropic universe is The Robertson-Walker
metric in (r,6, ¢) form is
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5.8.1 cosmic string
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